ABSTRACT: Three-dimensional carbon-based structures have proven useful for tailoring material properties in structural mechanical and energy storage applications. One approach to obtain them has been by carbonization of selected metal−organic frameworks (MOFs) with catalytic metals, but this is not applicable to most common MOF structures. Here, we present a strategy to transform common MOFs, by guest inclusions and high-temperature MOF−guest interactions, into complex carbon-based, diatom-like, hierarchical structures (named for the morphological similarities with the naturally existing diatomaceous species). As an example, we introduce metal salt guests into HKUST-1-type MOFs to generate a family of carbon-based nano-diatoms with two to four levels of structural hierarchy. We report control of the morphology by simple changes in the chemistry of the MOF and guest, with implications for the formation mechanisms. We demonstrate that one of these structures has unique advantages as a fast-charging lithium-ion battery anode. The tunability of composition should enable further studies of reaction mechanisms and result in the growth of a myriad of unprecedented carbon-based structures from the enormous variety of currently available MOF−guest candidates.
■ INTRODUCTION
Three-dimensional carbon-based structures with multilevel hierarchy 1−7 from low-dimensional nanostructured building blocks (e.g., carbon dots, fullerenes, nanofibers/tubes, and graphene) can greatly exceed the properties of bulk carbon materials in numerous applications, such as lightweight but strong structures 4 and energy storage. 5−8 Multistep procedures and complex templates are commonly used to fabricate these materials, but few structures with multilevel hierarchy have been formed via facile bottom-up approaches.
3, 5 Recent work has explored carbonizing metal−organic frameworks (MOFs) 7−15 and in a few cases with Ni, Co, Fe, and other catalytically active metals centers (as a part of the MOF's secondary building unit) has resulted in carbon-fiber assemblies. 16−23 Guest incorporation in the open porous MOFs can render the MOFs with tunable chemical composition and additional functionality. 24−28 So far, MOF− guest systems, such as Mo-based polyoxometalate@HKUST-1(Cu), 29 W-based metal-carbonyl@MAF-6(Zn), 30 Ti-oxo clusters@ HKUST-1(Cu), 31 and dicyandiamide/FeCl 3 @MIL-101-NH 2 (Al), 32 have been carbonized to produce advanced electrocatalysts or photocatalysts with desired compositions. However, neither a drastic morphology change nor carbonbased hierarchical structure formation was reported.
Here, we present an approach based on MOF−guest precursors and show a general strategy to transform common (noncatalytically active) MOFs into carbon-based structures with multiple levels of hierarchy via a simple thermochemical treatment (pyrolysis followed by washing). Since the method is developed based on guest impregnation rather than chemical functionalization (i.e., chemical bond formation), all the openporous MOFs that can take up the desired guests can be potentially used as the precursor. By changing the type of guest and host, we produce a family of carbon-based "nano-diatoms" with ordered hierarchical structures and investigate the combined effects of substituting the MOF or guest with control over the morphology of the resulting carbonaceous material. One of the nano-diatoms is demonstrated to be superior for fast-charging lithium-ion battery (LiB) anodes 33−35 with high storage capacity and stability.
Compared with direct MOF carbonization, which requires specialized MOFs (i.e., MOFs containing Ni, Co, and other catalytically active metal centers), carbonizing MOF−guest precursors is an alternative but much more versatile approach to achieve hierarchical carbon-based structures. Meanwhile, other inorganic elements/compounds introduced from both guests and MOF hosts can be incorporated into the pyrolyzed products (i.e., nano-diatoms). Further exploration of this hightemperature guest-induced phenomena on the broad range of available MOF−guest combinations 36 will allow bottom-up fabrication of a new class of 3D structures with multilevel hierarchy for practical use in energy storage, energy conversion, and sensing.
■ RESULTS AND DISCUSSION
Pyrolyzing (at 800°C, under Ar) only a MOF precursor (Figure 1a ) yields the polyhedral geometry of the original MOF crystals with an amorphous carbon structure (Figure 1b and Figure S9 ). However, pyrolyzing a MOF precursor with a metal-based guest under the same conditions (Figure 1c ) still partly preserves the external polyhedral geometry but also produces fibers inside resembling those in diatoms. Subsequent washing dissolves some metal-based byproducts from the MOF host, resulting in mesopores. We study in detail the Cu-based MOF [HKUST-1(Cu), 37 Figure  S17a ), while the MOF−guest (B1) has negligible N 2 uptake volume, indicating that the pores in B1 are filled up. Here, the open nanoscale MOF porosity enables homogeneous host− guest mixing and inhibits segregation induced by reactions, resulting in a unique catalyst composition that eventually transforms the precursor into the structure of B2 (Figure 2 ) after pyrolysis and subsequent washing (detailed in Supporting Information Section 1.3.3, Figures S7 and S8) .
Detailed morphological characterization reveals a hierarchical carbon-based nano-diatom, B2, with four levels of structure over a wide range of length scales. At the outermost level (i) the boundaries of the original MOF−guest particle are still visible (typically ca. 15 μm, shown in Figure 1d , Figure S13 ). These particles are composed of (ii) webs (typically 0.5−1 μm in width, shown in Figure 2a −e and Figure S14b ) at the outer surface and (iii) fibers inside the diatom (typically ca. 100 nm in diameter and ca. a few μm in length, shown in Figure 2f ,g and Figure S15 ). Additionally, both the webs and fibers have (iv) mesopores (typically ca. 20 nm in diameter, shown in the high-resolution DF-STEM images of Figure 2c ,h, Figure S14b , and Figure S15 ) created by Cu-particle removal (details in Supporting Information Section 1.3.4), where metallic Cu particles are formed during the pyrolysis of the Cu-based MOF [supported by powder X-ray diffraction (PXRD) patterns in Figures S8 and S9 ]. The presence of mesopores in both A2 and B2 was further confirmed by pore diameter distributions obtained from N 2 adsorption measurements ( Figure S17d ). While the webs and fibers mostly consist of C, they have a small amount (<10 wt % each obtained by TGA in Figure S18 ) of Mo and S dispersed in them, as shown in EDS mapping in Figure 2e and j and Mo 3d and S 2p X-ray photoelectron spectroscopy (XPS) spectra in Figure 2m and n.
Comparing the products of A1 and B1 after identical carbonization treatments (Figure 1 ), only the host−guest precursor B1 yields a hierarchically structured nano-diatom (B2), whereas treatment of A1 gives rise to amorphous carbonized structures (A2) with the shape of the initial MOF crystals. We also prepared a control sample impregnated only with DMF [DMF@HKUST-1(Cu), C1]. C1 behaves similarly to A1, yielding no significant morphological changes upon thermal treatment ( Figure S12 ).
To reveal the elementary processes contributing to the structure formation of B2, we performed systematic characterizations at various temperatures in our thermal treatment profile ( Figure S7 ) and stages of the reaction. The results are provided in the Supporting Information Section 4, where the deduced reactions are summarized in Figure S24 . Briefly, as outlined by the evidence that follows, the guest decomposes to Mo-based species, which strongly interact with the pyrolyzing species to temperatures exceeding 600°C. The majority of the Cu formed from MOF decomposition and carbonization condenses on the outside of the carbon matrix, while a small portion of it, together with the Mo species, catalyzes the formation of fiber-like carbon-based structures from pyrolysis products of organic ligands.
Below ca. 300°C, we notice the DMF gasification/physical desorption and ATM decomposition [detected by ammonia 
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Article formation 41 by thermogravimetric analysis coupled with Fourier transform infrared spectroscopy (TGA-FTIR) in Figure S20 ]. In Mo 3d XPS spectra ( Figure S21 ), corresponding peak shifts (from ca. 228 to ca. 232 eV for Mo 3d 5/2 and from ca. 231 eV to ca. 235 eV for Mo 3d 3/2 ) are found during ATM decomposition, indicating significant change in Mo's valence. 41, 42 Also, slightly below 300°C, the MOF host loses its crystalline structure [confirmed by PXRD patterns in Figure  S22 ]. Then, pyrolysis (i.e., a carbonization process) starts between ca. 300 and ca. 400°C, entailing decomposition of the organic ligands of the MOF (e.g., 1,3,5-benzenetricarboxylate) to carbon-based molecules through dissociation of carboxylate groups and gasification. This is discerned by CO 2 production collected by TGA-FTIR ( Figure S20 ) and the disappearance of O−CO bonding in the C 1s peak in the XPS spectra at ca. 288.8 eV (Figure S21 ), as well as the production of metallic Cu particles (PXRD patterns in Figure S22 ). Meanwhile, evidence of strong interaction between Mo and the pyrolyzed MOF host extends well in the range of 300 to over 600°C; XPS Mo 3d peaks stay at significantly higher binding energies (Mo 3d 5/2 at ca. 232 eV and 3d 3/2 at ca. 235 eV), preventing significant formation of free MoS 2 (3d 5/2 at 229.1 eV and 3d 3/2 at 232.3 eV), which is one of the usual pathways for decomposing ATM in the similar temperature range under Ar. 42 This is likely the reason that Mo compounds stay in the pyrolyzed matrix, as evidenced by EDX (Figure 2e and j) and Mo 3d XPS spectra (Figure 2m and Figure S21 ).
Heating to 600°C and higher, the A1 → A2 (Figure 1b ) or C1 → C2 ( Figure S12 ) transitions are predictable, which preserve the initial polyhedron shapes and are governed by noncatalytic pyrolytic processes 43 (including decomposition, gasification, shrinkage, and bond re-formation of organic precursors). By contrast, starting at 600°C the guestimpregnated precursor B1 starts to form fibrous carbon-based nanostructures. Dendrite-like surface features are present, as well as a macroporous interior network (SEM image, Figure  S23 ). The fiber/web-like features become more developed at 800°C ( Figure S23 ). We hypothesize the unique hierarchical structure of our nano-diatom (B2) is produced through a hybrid reaction−diffusion process 44 combining both pyrolysis and metal-based catalysis, as observed in other filamentous carbon formations (known for Fe-, Ni-, and Co-based catalysts 44, 45 ), where both Cu and Mo species could play key roles in the catalysis. These processes reconfigure the carbon in The C 1s signal is strongly dominated by a C−C peak at around 284.8 eV. The Mo 3d peak at 228.7 eV (for Mo 0 ) 40 suggests Mo−C bond formation. The S 2p doublets at ca. 164 eV (S 2p 3/2 ) and ca. 165 eV (S 2p 1/2 ) indicate the formation of S−C bonding. 34 The presence of Mo and S supports the unique guest−MOF interactions during pyrolysis. Mo 6+ and oxidized organic S are likely to be generated by interactions with entrapped O from the MOF host during carbonization and/or oxidation during the washing step with FeCl 3 (aq) to remove Cu.
Article the original MOF material to create fiber and web-like carbonbased structures through reactions we later show depend strongly on the identities of the metals in the MOF and guest.
We verify the presence of both Cu particles (PXRD patterns in Figure S22 ) and Mo−C guest derivatives 40 (found by Mo 3d XPS spectra in Figure 2m and Figure S21 ). While Cu particles are formed in both carbonized A1 and B1 from 400°C ( Figure  S22 ), metallic Cu by itself is typically ineffective for catalysis of carbon-based nanostructure growth 46 ,47 even at 800°C, as shown for the A1 → A2 transition. Mo alone (present in the guest) is also unable to catalyze the formation of carbon-based nanostructures, as its strong interaction with carbon yields molybdenum carbides. 29, 48 Cu combined with Mo, however, can contribute synergistically to the growth of fiber-like carbon structures, as investigated previously by Holmes et al. 47, 49 Mocontaining species by themselves can crack the C−C bond of organic compounds at high temperatures. 50, 51 In the presence of Cu, however, Holmes' density functional theory (DFT) calculations predict that a Cu particle in proximity to a Mo can have sufficient binding energy to stabilize the formation of carbon-based structures such as nanotubes. In this way we hypothesize that carbon fragment remnants of the MOF cracked by the Mo-containing species re-form into carbon nanofibers (i.e., filamentous growth of carbon 52, 53 ) by the joint action of Cu-based and Mo-based catalysts. The Cu particles within the pyrolyzed matrix act as growth locations for the fibers.
We are aware that the same metal compound in different environments can exhibit very different reactivity. The structural correlations and presence of the same metals in our system, however, yield the working hypothesis that catalytic interactions contributed from both our Cu-based MOF host and Mo-based guest system lead to the formation of fiber and web-like carbon-based building blocks of the nano-diatom. The S 2p XPS spectrum in Figure 2n shows that as a side reaction S−C may be formed as well.
Meanwhile, we notice that the nanostructured carbonaceous building blocks are confined by the boundaries of the original MOF−guest crystal B1 (Figure 2k and Figure S13 ). Metal− carbon interactions and the mobility of metal-based species may account for such confined growth. Mo prefers to stay in the carbonaceous matrix due to its strong affinity to C. 47−49 A significant amount of Cu, however, migrates out of the carbonized matrix due to weak Cu−C interactions 46 and condenses on the surface. Such condensed Cu particles are later removed in the washing process, which leaves a diatom surface densely populated with mesopores formed by their dissolution (Figure 2c ), compared to fibers inside (Figure 2h ) with spherical holes in the DF-STEM images indicating the Cu particle removal. This accumulation of Cu on the surface disrupts the Cu/Mo ratio necessary for catalysis and inhibits outward growth of the fibers. 47 Consequently, the fibers are confined in a cage (i.e., the web-like structure observed in Figure 2a −c) with dimensions based on the original MOF host. To verify these mechanistic hypotheses, we systematically investigated a series of MOF−guest combinations, where we replaced the reactive metals either with homologous metals or with oxide-forming rather than carbide-forming species that would inhibit the metal-catalyzed carbon-forming reaction (Figure 3) .
For positive verification of the mechanism we first replaced Mo with W, a homologous group VI element predicted to have similar reactivity. 48, 49 Indeed, by placing ammonium tetrathiotungstate 39 [(NH 4 ) 2 WS 4 or ATT] instead of our original guest ATM, we form MOF−guest (NH 4 ) 2 WS 4 /DMF@HKUST-1(Cu) (D1), which shows a similar behavior. After thermal carbonization, the product, D2, shows more apparent metalcatalyzed fibers covering the entire surface (Figure 3a) . This is consistent with the work by Holmes et al., 49 where they suggest W has stronger interaction with graphene than Mo and enhances carbon nanostructure development. The similar morphology of the fibers compared to those from the Mobased guest suggests a similar reaction mechanism in this homologous system. The higher activity of the tungsten is likely to result in easier nucleation and therefore more numerous but shorter fibers, as observed. Furthermore, this higher activity is likely the reason for some fiber outgrowth on D2, since even small amounts of W in the Cu-rich surface will still catalyze the growth.
As a negative control to the mechanistic hypothesis, we also used the original guest (i.e., ATM) but replaced the MOF host with a Zn-based MOF, HKUST-1(Zn) (E1). The Zn-based MOF has a similar crystal structure, 38 but lacks the Cu centers needed for the cooperative Mo−Cu catalytic mechanism. We prepared the host−guest (NH 4 ) 2 MoS 4 /DMF@HKUST-1(Zn) (F1, Figure 3b ), which upon thermal decomposition produces Zn oxides (ZnO) ( Figure S10 ). Mo-containing species from the guest bind strongly to the carbon and facilitate the scissoring of the carbon structures formed (i.e., cracking the C−C bond of organic compounds).
50, 51 The micrometer rods of the carbonized product (F2) are likely the result of the collapse of the MOF structures, which in the absence of Mo retain remarkably well the original outline of the MOF crystals [carbonized sample (E2), Figure 3b , top right]. As predicted, the ZnO is inactive and cannot catalyze the formation of the 
Article ∼50 nm diameter fibers observed in the case of carbonized Moguest@Cu-MOF or W-guest@Cu-MOF.
Both new MOF−guest transformations (D1 → D2 and F1 → F2) yielded drastically different morphologies from their precursors, as in the case of our original system (B1), whereas samples prepared from the corresponding guest-free MOFs (A1 → A2 and E1 → E2) primarily retained their original morphologies. This suggests that our MOF−guest treatment procedure provides a general means of creating a broad range of carbon-based structures with multiple levels of hierarchy. While shape transformations are observed in all of these MOF− guest systems (B, D, and F), the resulting morphology can vary significantly depending on the catalytic and diffusion properties of the metal-based species in both guest and host.
In addition to exploring a range of carbonaceous hierarchical structures derived from MOF−guest precursors, we also demonstrated the potential usefulness of these new 3D carbon-based materials, particularly the B2, as lithium-ion battery anode (LiB) materials (Figure 4 and Supporting Information Section 5.1). We note that the performance of our nano-diatom-based LiB anode is among the best achieved for carbon-based materials. 5, 33 We obtain 830 mAh/g at 0.2 A/ g (10th cycle) and over 600 mAh/g (10th cycle) at 1 A/g (Figure 4b,c) . The anode also has robust cycling performance during fast charge/discharge (1 and 2 A/g, Figure S27 and Figure 4d ), with less than 25% decrease (to ∼300 mAh/g) after 500 cycles and consistently high Coulombic efficiency at 2 A/g. B2 shows greater cycling ability than A2, and both materials have superior performance compared with commercial graphite electrodes ( Figure S27 ). The hierarchical structure of our nanodiatom (B2) may account for its exceptional performance as a LiB anode material (Figure 4a ). The open architecture of our nano-diatom provides free space to facilitate electrolyte infiltration, enabling fast kinetics for lithium storage. 5 The mechanically strong and well-spaced fiber/web-like structures may withstand volume change during charge/discharge cycling. Furthermore, mesoporosity contributes to relatively high electrochemical utilization by increasing the ion-accessible surface area, thereby enhancing storage capacity. 5 In addition, the incorporation of Mo, S (Figure 2 ) (<10 wt % each obtained by TGA in Figure S18) , and perhaps some O may also contribute to this high specific capacity, which is supported by the cathodic peak at around 0.4 V for the reversible electrochemical reaction of Mo-containing compounds. Note that MoS 
■ CONCLUSION
We have produced carbon-based structures with multiple levels of hierarchy via a simple, bottom-up thermochemical treatment of guest−MOF complexes of common MOF precursors. In this process, a small amount of guest ( Figure S5 ) empowers the MOF host to undergo dramatic morphological transformations to form guest/host-dependent carbonaceous materials. Although we have explored only a small fraction of the potential Cu/Zn-MOF hosts with Mo/W-based guests for illustration, we recognize (i) the abundance of MOF−guest systems (thousands of MOFs exist 36 ) that could be compatible with the process and (ii) the highly diversified carbon-based structures that can be derived from them. The current work is an initial investigation of this high-temperature guest-induced phenomenon; we still need to have a better understanding of the formation mechanisms, e.g., if the MOF's topology and molecular confinement due to the MOF's pores play a crucial role in this process. Discovery of new structures/materials that are derived from these MOF−guest systems and investigation of their formation mechanisms will be very important for future studies. Furthermore, the continued development of cheap, commercially available or easy-to-obtain, and easy-to-handle MOFs [e.g., HKUST-1(Cu) in this work] will enhance the potential for industrial-scale manufacturing of these hierarchical structures. We have demonstrated the applicability of one of the hierarchical carbonaceous structures as a high-performance LiB anode material with fast charging capability. Thus, on a more general level, the hierarchical architectures of our MOF− guest-derived functional materials with the capability to incorporate various inorganic elements/compounds hold promise for a variety of future applications, such as energy storage, energy conversion, and sensing.
■ EXPERIMENTAL SECTION
Detailed experimental methods can be found in the Supporting Information. Briefly, HKUST-1(Cu) and HKUST-1(Zn) were prepared based on previously reported methods 38, 57, 58 (detailed in Supporting Information Section 1.3.1). The above-mentioned MOF− guest precursors (summarized in Table S1 ) were prepared by loading guest-free MOFs with guest-in-DMF (1 g of guest chemical with 100 mL of DMF) solution, rinsing three times with DMF, and drying under nitrogen flow overnight (detailed in Supporting Information Section 1.3.2). The precursors were placed in an Ar atmosphere, then heated to 800°C, kept at 800°C for 120 min, and cooled naturally (detailed in Supporting Information Section 1.3.3). The carbonized products were then washed (detailed in Supporting Information Section 1.3.4) to remove byproducts. Methods for materials The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/jacs.8b02411.
Materials and experimental details, more characterizations on B2 and C2, detailed study on the B1 → B2 morphology change at various temperatures, additional information about LiB tests (PDF)
